Fermentation medium and conditions
The hemicellulosic hydrolysate was supplemented with peptone 
Determination of cell immobilization conditions by design of experiments
To investigate the conditions of cell immobilization, main effects selected variables (sodium alginate concentration, calcium chloride concentration, and conditioning time) and their interactions were studied following full factorial design of experiments (2 3 ). The response variables were ethanol production, xylose to ethanol conversion yield, ethanol productivity and xylose consumption. Experiments using the parameters of central point were carried out four times. Table 1 Of various D-xylose fermenting yeasts, Scheffersomyces stipitis (Syn. Pichia stipitis) is promising candidate for ethanol production from dilute acid (C 5 sugars) and enzymatic hydrolysates (C 6 sugars) from lignocellulosics [12, 13, 15, 16] . Application of immobilized cells is a promising method to increase the cell mass concentration in the fermenter which in-turn increase the productivity and minimize the processing cost [17] . There has been a surge in the attempts towards finding out robust carrier which essentially is easy to use, cheaper and available in abundance [18] . The main advantage of using immobilized cells is the easy separation and recovery of the biocatalyst, which enables its use in systems conducted in repeated batches. It also allows the elimination of inoculum preparation stage, recovery and reuse of cells and higher yields and productivity [19] [20] [21] .
The aim of present study was to evaluate the conditions of S. stipitis immobilization in calcium alginate gel using a 2 3 experimental design for production of ethanol from SB hemicellulosic hydrolysate.
Material and Methods

Raw material and preparation of acid hydrolysate
The sugarcane bagasse was provided by Usina São Francisco located at Sertãozinho/São Paulo, Brazil. The hydrolysis was performed in a reactor of 100L capacity. The SB was mixed with H 2 SO 4 (98% purity) in a ratio of 100 mg H 2 SO 4 / g of dry bagasse
for 20 min at 121 °C, using 10% substrate concentration [11, 12] .
After hydrolysis, the reaction mixture was cooled, recovered and was stored at 4 °C. The hydrolysate was concentrated under reduced pressure by a concentrator with capacity of 32L at 70 °C in order to obtain a xylose concentration of 30 g/L.
This concentrated hydrolysate was detoxified according to the method of Alves et al. [22] that involves three stages: raising the pH to 7.0 with calcium oxide; reduction of pH to 5.5 with phosphoric acid and addition of activated charcoal (2.4% w/v) followed by incubation for 1h at 200 rpm and 30 °C. After each stage, the hydrolysate was filtered under vacuum and finally it was autoclaved at 0.5 atm (110 °C) for 15 min and was used in the fermentation reactions.
Microorganism and inoculum preparation
The inoculum of S. stipitis was prepared by transferring a loopful of strains from the slant into 125 ml Erlenmeyer flasks containing Immobilization of Scheffersomyces stipitis cells with calcium alginate beads: A sustainable method for hemicellulosic ethanol production from sugarcane bagasse hydrolysate 3 ethanol production, ethanol yield and ethanol productivity).
Cell immobilization
The third-order interactions of process variables were not found significant. It can be seen in Table 3 that the sodium alginate had a positive effect, while calcium chloride and conditioning time showed a negative effect on responsive variables (ethanol production, ethanol yield and productivity).
The higher concentration of alginate, lower level of calcium chloride and higher conditioning time (experiment 6) led maximum ethanol production, ethanol yield and ethanol productivity.
shows the selected independent process variables with their coded value as the experimental matrix of full 2 3 factorial design.
The analysis of statistical tests was performed using the software STATGRAPHICS 16.1.11 and DESIGN-EXPERT 8.0.7.1.
Analytical methods
Xylose Tables 1 and 2 .
Results
Conditions of Cell immobilization
It can be observed in Table 2 the carrier does not show toxicity to cells, has high holding capacity, high resistant to chemical and microbial attack and low sensitivity to system mechanical conditions and environmentally safe or recyclable [17, 20] .
The method of cell immobilization by entrapment in natural polymers, such as alginate gel, has been found as a promising method which allows simple and efficient cell retention without loss of catalytic activity [23] . The main advantage of using alginate beads as immobilization carrier is due to its rapid solidification in the presence of divalent cations, allowing retaining activity and viability of the immobilized microorganisms [24] . These advantages associated with low cost justify its great application in cell immobilization procedures [23] . However, the alginate gels are chemically unstable in the presence of some components in the culture medium, such as phosphate and citrate ions. In the presence of these components, alginate beads may be disrupted or even dissolve in the medium [25, 26] .
The diameter of immobilized carrier also plays a crucial role in entrapment of cells. Figure 3 Table 4 .
According to results shown in Table 4 , it can be verified that concentration of sodium alginate was not significant to any response variable, since its p-value was higher than 0.05 (95% level of confidence). Another process variable (concentration of calcium chloride) was also not found significant.
The conditioning time was significant at 95% level of confidence to the variable-xylose consumption, indicating that higher substrate assimilation was obtained for gel spheres where higher conditioning time was used. Table 4 shows the lack of fit for the model and a significant curvature for all response variables (p-value < 0.05). Therefore, it was not possible to express the behavior of these response variables in relation to the factors investigated for a reliable mathematical model in the studied area. Figure 2 shows the behavior of each process variable.
According to the results observed in Figure 2 , the suitable levels for the variables are sodium alginate (2%), calcium chloride concentration (0.1 M) and conditioning time (12 h).
Stability of Ca-alginate gel as immobilization carrier
To achieve the advantages of immobilized cells use, the choice of a suitable carrier is extremely important. It is desirable that
Figure 1. Pareto charts of independent variables and their interactions on each response variable (ethanol production, ethanol yield, ethanol productivity and consumption of xylose).
Immobilization of Scheffersomyces stipitis cells with calcium alginate beads: A sustainable method for hemicellulosic ethanol production from sugarcane bagasse hydrolysate Table 4 .
Analysis of variance and significance of the process variables-sodium alginate concentration (A), concentration of calcium chloride (B) and conditioning time (C) for response variables (Ethanol production, ethanol yield, ethanol productivity and xylose consumption).
Ethanol production production with the beads developed using 2% sodium alginate and 0.1 M calcium chloride concentration. We also observed the maximal ethanol production using the immobilized beads prepared using the same concentration of both chemical constituents.
Calcium alginate beads did not show negative interaction with the fermentation medium and cultivation conditions,
showing their suitability for ethanol production by S. stipitis. The stability of the immobilized carrier is an important parameter in repeated fermentation cycles, which can improve the process efficiency, productivity and saves inoculum preparation times and other associated processing steps [29] . S. stipitis a is natural xylose-fermenting yeast which has been extensively studied for ethanol production [13, 30] . Scordia et al. [30] used the free cells 
